Site-1 protease (S1P) cleaves membrane-bound sterol regulatory element-binding proteins (SREBPs), allowing their transcriptionstimulating domains to translocate to the nucleus where they activate genes governing lipid synthesis. S1P is a potential target for lipidlowering drugs, but the effect of S1P blockade in animals is unknown. Here, we disrupt the S1P gene in mice. Homozygous germ-line disruptions of S1P were embryonically lethal. To disrupt the gene inducibly in liver, we generated mice homozygous for a floxed S1P allele and heterozygous for a transgene encoding Cre recombinase under control of the IFN-inducible MX1 promoter. When IFN was produced, 70 -90% of S1P alleles in liver were inactivated, and S1P mRNA and protein were reduced. Nuclear SREBPs declined, as did mRNAs for SREBP target genes. Cholesterol and fatty acid biosynthesis in hepatocytes declined by 75%. Low density lipoprotein (LDL) receptor mRNA declined by 50%, as did the clearance of 125 I-labeled LDL from plasma, but plasma cholesterol fell, suggesting that LDL production was reduced. These data raise the possibility that S1P inhibitors may be effective lipid-lowering agents, but they suggest that nearly complete inhibition will be required.
T
he proteolytic release of sterol regulatory element-binding proteins (SREBPs) from cell membranes stimulates lipid synthesis in hepatocytes and other cells. Inhibition of this proteolytic release in liver might lead to reduced lipid synthesis and reduced lipid accumulation in liver, blood, and other organs. The consequences of blocking hepatic SREBP proteolysis can now be investigated as a result of the recent molecular identification of the proteins that mediate this process (1) .
SREBPs are synthesized as membrane-bound precursors of Ϸ1,150 aa in length (1) . The NH 2 terminal domain of Ϸ480 aa is a transcription factor of the basic helix-loop-helix leucine zipper family. This domain is followed by a hairpin membraneattachment domain of Ϸ80 aa, which consists of two transmembrane helices separated by a short 30-aa hydrophilic loop that projects into the lumen of the endoplasmic reticulum. The COOH-terminal domain of Ϸ590 aa faces the cytosol where it performs a regulatory function.
Immediately after their synthesis, SREBPs form complexes with SREBP cleavage-activating protein (SCAP), an endoplasmic reticulum protein that contains eight membrane-spanning helices followed by a cytoplasmic domain of 545 aa (2) . The binding of SREBP to SCAP is mediated through interactions between the cytoplasmic COOH-terminal domains of both proteins. In steroldepleted cells the SCAP͞SREBP complex leaves the endoplasmic reticulum and reaches the Golgi complex where two membranebound proteases act sequentially to release the NH 2 -terminal domain of the SREBPs so that they can enter the nucleus to activate transcription of genes involved in lipid synthesis and uptake (3, 4) . When cells are overloaded with sterols, the SCAP͞SREBP complex fails to exit the endoplasmic reticulum, the SREBPs are not cleaved, and lipid synthesis declines. By this means, cholesterol controls its own synthesis as well as that of fatty acids (5) .
The two proteases that process SREBPs were identified through somatic cell genetic studies in cultured Chinese hamster ovary cells (1) . The first cleavage is mediated by Site-1 protease (S1P), a membrane-bound serine protease of the subtilisin family (6) . S1P cleaves SREBPs following the leucine of the sequence Arg-Xaa-Xaa-Leu-Ser (RXXLS) that is found near the midpoint of the hydrophilic luminal loop of the SREBPs (7) . This cleavage is required to permit the action of the second protease (Site-2 protease, S2P), which cleaves within the first transmembrane helix of the SREBPs to liberate the NH 2 -terminal fragment so that it can enter the nucleus (8, 9) .
Like other members of the subtilisin family, S1P is synthesized as an inactive precursor (1,052 aa) with a cleaved signal sequence, called the A form (1,030 aa). The A form cleaves itself sequentially at two sites to create B and C forms, releasing NH 2 -terminal fragments of 115 and 49 aa, respectively. Both B and C forms are enzymatically active in cleaving peptides that fit the RXXL consensus (10, 11) .
In cultured Chinese hamster ovary cells, SCAP, S1P, and S2P are all essential for the synthesis of cholesterol and unsaturated fatty acids. Mutant cell lines that lack any one of these proteins require exogenous sources of cholesterol and unsaturated fatty acids to grow (8, 12, 13) . The roles of these proteins are less well established in liver, which synthesizes most of the cholesterol and fatty acids in vivo.
Hepatocytes, like most other cells, produce three forms of SREBP, designated SREBP-1a, -1c, and -2 (5). SREBP-1a and -1c are produced from a single gene through the use of alternate promoters that give rise to alternate first exons that splice into a common second exon. In liver, the SREBP-1c transcript predominates, which is opposite to the situation in cultured cells (14) . SREBP-1c mRNA in liver is markedly induced by insulin, and it declines when insulin declines, as in fasting (15, 16) . SREBP-1c increases the synthesis of fatty acids by enhancing transcription of genes encoding acetyl CoA carboxylase, fatty acid synthase, and stearoyl CoA desaturase-1 (15, 17) . SREBP-2 is produced from an independent gene, and its major role is to stimulate the synthesis of cholesterol by increasing the mRNAs for all known enzymes of the cholesterol biosynthetic pathway (18) .
In liver, as in cultured cells, SREBPs are synthesized as membrane-bound precursors that are proteolytically cleaved to nuclear forms (19) . To determine the requirement for SCAP in this cleavage, a strain of SCAP-deficient mice was created in which a crucial region of the SCAP gene was flanked by loxP sites (20) , which are targets for the bacteriophage Cre recombinase (21) . These mice were bred to transgenic mice that express the Cre recombinase in liver under the control of the IFN-inducible MX1 promoter (21, 22) . When these mice were treated with polyinosinic͞polycytidylic acid (pIpC), an inducer of IFN, 90-95% of the hepatic SCAP genes were inactivated (20) . The content of SREBPs in hepatic nuclei fell markedly, and the rates of synthesis of cholesterol and fatty acids declined by 80%, owing to a decline in all SREBP target mRNAs. The mRNAs encoding the SREBPs also declined, apparently because these genes are activated by the SREBPs themselves through direct or indirect feed-forward mechanisms (23) (24) (25) .
In the current experiments, we used the IFN-inducible system of Cre-mediated recombination to explore the requirement for S1P in the processing of SREBPs in the livers of mice. The results indicate a major, but not absolute, requirement for S1P. They also suggest that S1P inhibitors must block nearly 100% of enzyme activity to disrupt SREBP function in liver.
Materials and Methods
We obtained pIpC (catalogue no. P1530) from Sigma. Measurement of cholesterol and triglycerides, immunoblot analyses, RNase protection assays, and lipid synthesis and secretion in mouse hepatocytes all were carried out as described (20, 26) .
Cloning of Mouse S1P Gene. A genomic mouse S1P clone was isolated from a 129S6͞SvEv mouse strain bacteriophage FIX II genomic library (provided by Alan Bradley, Baylor College of Medicine, Houston). The library was screened with a S1P cDNA probe prepared by PCR from mouse liver first-strand cDNA by using the following primers: 5Ј primer, 5Ј-AGATGGAGAA-GAAGCGGAGAAAGAAATGAAAGCCTCT-3Ј, and 3Ј primer, 5Ј-GAGA AT TCCACCT TCA A AGTCAGGTGG-GAA-3Ј. The corresponding genomic DNA insert was excised from the bacteriophage vector and subcloned into the NotI site of pBluescript II KS (ϩ) (Stratagene), resulting in plasmid pKS-mS1P. This clone covered a portion of intron 1, exons 2-6, and a portion of intron 6 (Fig. 1a) .
Construction of Targeting Vector for Conditional Disruption of S1P.
A conditional targeting vector of a replacement type was produced by inserting a loxP site into intron 1 and a loxP;frt-flanked pgk-neo-pA cassette into intron 2. Cre-mediated recombinase removes exon 2, which encodes the signal sequence (amino acids and a portion of the prosegment (amino acids 23-54) of S1P (6, 10) . Details of the targeting vector construction are available on request.
Embryonic Stem (ES) Cell Culture for Disruption of S1P. Passage 8 SM-1 ES cells were electroporated with the S1P targeting vector as described (27) . Recombined clones were identified by PCR using primers P1 (5Ј-GATTGGGAAGACAATAGCAG-GCATGC-3Ј from the 3Ј untranslated region of the neo gene) and P2 (5Ј-TTCCACTTCACTGCTTTTCAGAGCAC-3Ј from exon 3 of the S1P gene outside of the targeting vector). The loxP site in intron 1 was confirmed by PCR with primers P3 (5Ј-GAGAGCTGCAGATGACAGGGGACACAG-3Ј located Ϸ300 bp upstream of exon 2) and P4 (5Ј-GCCCAATCCAC-CGCTCTGTAGCGGAC-3Ј located in exon 2). All targeted clones were confirmed by Southern blot analysis using a cDNA probe containing exons 3 and 4 of S1P as described (27) .
Generation of S1P ؉/؊ , S1P f/؉ , and S1P f/f ;MX1-Cre Mice. Three targeted ES clones were injected separately into C57BL͞6J blastocysts, yielding chimeric males whose coat color (agouti) indicated a contribution of ES cells from 25% to 100%. All 24 chimeric males were fertile, four of which produced offspring that carried the S1P flox allele through the germ line. One line was established and used for further breeding.
To generate knockout mice that lacked S1P in all tissues, mice heterozygous for the S1P flox allele (referred to as S1P f/ϩ mice) were bred with protamine-1 promoter (Prm)-Cre transgenic mice (28) to produce S1P f/ϩ ;Prm-Cre male mice. These mice were bred with wild-type mice (C57BL͞6J;129S6͞SvEv strain) to segregate the recombined S1P Ϫ allele, which had a deletion of exon 2 and flanking intronic sequences (referred to as S1P Ϫ allele). Heterozygous S1P ϩ/Ϫ mice were then bred together in an attempt to produce homozygous S1P Ϫ/Ϫ mice.
To generate tissue-specific S1P knockout mice, S1P f/ϩ mice were bred with MX1-Cre transgenic mice of the C57BL/6J;SJL strain (22) to produce S1P f/ϩ ;MX1-Cre mice. The S1P f/ϩ ;MX1-Cre mice were bred with S1P f/ϩ mice to generate S1P f/f ;MX1-Cre mice. PCR was used to genotype the mice with primers P3 and P4 (30 cycles, 94°C, 30 s; 60°C, 30 s; 72°C, 2 min). The wild-type allele produced a PCR product of 380 bp, and the floxed allele produced a product of 434 bp. Cre expression was induced by i.p. injection of the IFN inducer, pIpC (21, 22) . Each mouse received four or five 300-l injections of a 1 mg͞ml solution of pIpC in water every 48 h (20) . Mice were analyzed 7-14 days after the final injection of pIpC. Mice were housed in colony cages and maintained on a 12-h light͞12-h 
Real-Time Reverse Transcriptase-PCR (RT-PCR).
Total RNA was prepared from livers with an RNA STAT-60 kit (Tel-Test, Friendswood, TX). cDNA was synthesized from 5 g of DNase I-treated total RNA (RNase free, FPLC pure, Amersham Pharmacia) using the SuperScript First-Strand Synthesis System (catalogue no. 11904-018, GIBCO͞BRL) and random hexamer primers. Specific primers for each gene were designed by using PRIMER EXPRESS software (Perkin-Elmer) ( Table 3 , which is published as supporting information on the PNAS web site, www.pnas.org). The real-time RT-PCR contained, in a final volume of 30 l, 50 ng of reverse-transcribed total RNA, 167 nM of the forward and reverse primers, and 15 l of 2ϫ SYBR Green PCR Master Mix. PCRs were carried out by using the Applied Biosystems Prism 7700 Sequence Detection System. All reactions were done in triplicate. The relative amounts of all mRNAs were calculated by using the comparative C T method (User Bulletin no. 2, Perkin-Elmer). Glyceraldehyde-3-phosphate dehydrogenase mRNA was used as the invariant control. I-labeled apolipoprotein B (apoB) (apoB-48 plus apoB-100) in plasma was measured by isopropanol precipitation (30) . Fig. 1a shows the vector and the targeting strategy that was used to disrupt S1P. The bacterial neomycin resistance gene (neo) flanked by loxP and flp recombinase sites was inserted into the second intron of the S1P gene. An additional loxP site was inserted into the first intron. Cre-mediated recombination between the loxP sites removes exon 2 of S1P, which contains the initiator methionine, the entire signal peptide sequence, and 32 aa of the preprosegment (10) . Mice homozygous for the floxed S1P allele, designated S1P f/f , were bred to two lines of transgenic mice that express Cre recombinase driven by: (i) the mouse Prm (Prm-Cre) (28) , and (ii) the MX1 promoter (22) . Prm-Cre mice express Cre in the testis, resulting in the germ-line deletion of S1P. Heterozygous mice derived from this cross are designated S1P ϩ/Ϫ . MX1-Cre mice express Cre in hepatocytes when induced by treatment with pIpC. Mice derived from this cross (designated S1P f/f ;MX1-Cre) have a conditional deletion. Fig. 1b shows the PCR analysis that was used to genotype the S1P f/f mice. DNA derived from mouse tails was amplified with primers P3 and P4 (Fig. 1a) . Genomic DNA from mice homozygous for the floxed allele ( f͞f ) produced a single 434-bp PCR product. Fig. 1c shows a Southern blot analysis that was used to detect Cre-mediated recombination in DNA from livers of S1P f/f ;MX1-Cre mice. The DNA was digested with KpnI and blotted with a cDNA probe that corresponds to exons 3 and 4 of the S1P gene (as shown in Fig. 1a) . In wild-type mice we visualized a 7-kb fragment that was unaffected by pIpC injections (Fig. 1c, lanes 1 and 2) . In S1P f/f ;MX1-Cre mice, we obtained a 9-kb band, which corresponds to the targeted allele (Fig. 1c, lane  3) . Five injections of pIpC resulted in a marked reduction in the 9-kb band and the appearance of a 6-kb band, which results from recombination between the 5Ј and 3Ј loxP sites (Fig. 1c, lane 4) .
Results
We first attempted to obtain mice with homozygous germ-line deletions of S1P by breeding S1P ϩ/Ϫ mice with each other. These crosses did not produce any offspring homozygous for the disrupted S1P allele (Table 4 , which is published as supporting information on the PNAS web site). We did not investigate the cause or developmental stage of this embryonic lethality. However, using a genetrap approach to randomly inactivate multiple genes in mouse ES cells, Mitchell et al. (31) found that homozygous disruption of S1P prevented normal epiblast formation and subsequent implantation (before day 4).
To study the metabolic effects of deleting S1P from liver, we examined five S1P f/f ;MX1-Cre mice that were injected with pIpC to induce expression of Cre recombinase. Two weeks after the fifth pIpC injection, the mice were killed, and the results are presented in Table 1 , Fig. 2 , and Table 2 , experiment A. Liver DNA was prepared from each of the five animals and the amount of Cre-mediated recombination was found to vary from 77% to 90%, as determined by the Southern blotting method illustrated in Fig. 1c . Body weight, liver weight, and liver cholesterol content were not affected by pIpC injection either in wild-type or S1P f/f ;MX1-Cre mice ( Table 1 ). The S1P f/f ;MX1-Cre mice injected with pIpC showed a 36% decrease in the plasma concentration of cholesterol and a 50% decrease in plasma triglycerides. The content of triglyceride in liver also decreased. Fig. 2 shows immunoblot analyses of S1P, SCAP, SREBP-1, and SREBP-2 proteins in the pooled livers from the groups of mice described in Table 1 . In wild-type mice, the immunoblot for S1P showed two bands. The upper band corresponds to the full-length inactive precursor form of S1P, designated the A form. The lower band corresponds in size to the smallest cleaved active form of S1P, designated the C form (10) . In wild-type mice, pIpC injection did Male mice (7-8 weeks of age) were injected five times i.p. with either PBS (ϪpIpC) or pIpC (300 g͞injection) as described in Materials and Methods. Fourteen days after the last injection, blood and tissues were obtained. Each value represents mean Ϯ SEM of five mice. Wild-type mice were littermates of S1P f/f mice. ‫ء‬ denote level of statistical significance (Student's t test) between wild-type (ϩpIpC) and S1P f/f ;MX1-Cre mice treated with pIpC. * , P Ͻ 0.05; ** , P Ͻ 0.01; and *** , P Ͻ 0.001.
not alter the amount of the A or C form of S1P (Fig. 2a, lanes 1 and  2) . The livers of S1P f/f ;MX1-Cre mice exhibited a marked decrease in the A form and a less pronounced reduction in the C form of S1P, even without pIpC injections (Fig. 2a, lane 3) . When the S1P f/f ;MX1-Cre mice were injected with pIpC, the amounts of S1P A and C forms were reduced to a level that is estimated to be 90-95% less than that observed in livers of wild-type mice (Fig. 2a,  lane 4) . The amount of SCAP protein was not significantly affected under any condition (Fig. 2b) .
The precursor and nuclear forms of SREBP-1 and -2 were unaltered in livers of wild-type mice injected with pIpC (Fig. 2c,  lanes 1 and 2, lanes 5 and 6) . In the absence of pIpC injection, the amounts of precursor and nuclear SREBP-1 and -2 in liver were the same as that observed in wild-type mice (Fig. 2c, lanes  1 and 3, lanes 5 and 7) . After pIpC injection in the S1P f/f ;MX1-Cre mice, the SREBP-1 and -2 precursors and nuclear forms both declined markedly (Fig. 2c, lanes 4 and 8) . Fig. 2d shows the results of an RNase protection assay that measures the mRNA levels of SREBP-1a, -1c, and -2 in the livers of the same animals used in Fig. 2c . After pIpC injection in the S1P f/f ;MX1-Cre mice, there was a significant decline in the mRNA for SREBP-1c and -2 and a slight decline in the mRNA for SREBP-1a (Fig. 2d, lanes 4 and 8) . These findings are consistent with studies showing that SREBPs themselves are target genes for SREBP action (23-25, 32, 33) . Table 2 , experiment A shows the results of quantitative PCR assays designed to measure mRNA levels in livers of the mice studied in Fig. 2 and Table 1 . Experiment B shows results from a second identical experiment. Total hepatic RNA was subjected to real-time quantitative RT-PCR using the gene-specific primers. In the absence of pIpC injection, the S1P mRNA was reduced by Ϸ85% in S1P f/f ;MX1-Cre mice, suggesting that the neo cassette decreased S1P mRNA expression level. When the S1P f/f ;MX1-Cre mice were injected with pIpC, the mRNA for S1P declined by a further 50% (Table 2, experiment A) or 66% ( Table 2 , experiment B) for a total reduction of 95% as compared with wild-type levels. Under these conditions, the mRNAs for SREBP-1a, -1c, and -2 also declined with the largest decrease occurring in SREBP-1c mRNA. The mRNA levels of SREBP target genes involved in cholesterol biosynthesis and uptake [3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) synthase, farnesyl diphosphate synthase, squalene synthase, and Table 1 were pooled, and aliquots of the membrane (50 g protein) (a and b and the upper gel in c) and nuclear extract fractions (30 g protein) (lower gel in c) were subjected to SDS͞PAGE. Immunoblot analysis was performed as described (10, 20) . Filters were exposed to Kodak X-Omat Blue XB-1 film 10 -30 s at room temperature. (d) RNase protection assay of SREBP-1a, -1c, and -2 mRNAs. Total RNA isolated from livers of mice (Table 1) was pooled, and 15-g aliquots were subjected to RNase protection assay. After RNase digestion, protected fragments were separated by gel electrophoresis and exposed to film for 4 h at Ϫ80°C and quantified as described in Materials and Methods. Intensity of each band relative to lane 1 is denoted above the band. Mice used for experiment A are the same mice used in Table 1 and Fig. 2 . Mice used for experiment B are from a different experiment in which five male mice of each genotype were treated exactly as described in Table 1 . For experiments A and B, total RNA from livers of five mice was pooled and subjected to real-time RT-PCR quantification as described in Materials and Methods. Values represent the amount of mRNA relative to those in the untreated wild-type mice (ϪpIpC), which are arbitrarily assigned a value of 1. *Values in parenthesis for S1P f/f ;MX1-Cre mice denote percentage of value in the absence of pIpC relative to that in the presence of pIpC.
LDL receptor] were reduced by 45-77%. A 34-53% decrease was measured in the mRNA for HMG CoA reductase. The mRNAs for SREBP target genes responsible for fatty acid biosynthesis (acetyl CoA carboxylase, fatty acid synthase, and stearoyl CoA desaturase-1) were decreased by 44-73%. The level of SCAP mRNA was not altered significantly in any of the mice. ApoB and apoE mRNA levels were also unchanged.
To determine the effects of S1P deletion on the overall rates of lipid synthesis, we measured the incorporation of [ 14 C]acetate into cellular and secreted cholesterol and fatty acids in freshly prepared primary hepatocytes from wild-type and S1P f/f ;MX1-Cre mice injected with pIpC (Fig. 3) . In hepatocytes from pIpC-injected S1P f/f ;MX1-Cre mice, the rates of ]fatty acids were decreased by 74% and 64%, respectively (Fig. 3 a and c) . There was also a marked decrease in the secretion of labeled cholesterol and total fatty acids into the culture medium (decreases of 83% and 78%, respectively) ( Fig. 3 b and d) . S1P f/f ;MX1-Cre mice injected with pIpC had a decrease of Ϸ50% in the expression of LDL receptor mRNA (Table 2 ). To determine whether this reduction would alter the clearance of apoBcontaining lipoproteins, we measured the ability of wild-type, S1P ;MX1-Cre mice injected with pIpC. The rate of clearance was intermediate between that of the wild-type and LDL receptor knockout mice. Fig. 4b shows that the level of LDL receptor mRNA was decreased by Ϸ50% in S1P f/f ;MX1-Cre mice.
Discussion
The current data provide evidence that S1P plays a crucial role in the processing of SREBPs in liver and is thus necessary for normal rates of lipid synthesis. Disruption of S1P in liver, mediated by an inducible Cre recombinase, led to a decline in nuclear SREBPs, a decline in the mRNAs of the SREBP target genes, and a decrease in the rates of synthesis of cholesterol and fatty acids as measured in hepatocytes isolated from the gene-disrupted animals. However, these declines were not as complete as the ones observed previously when the hepatic SCAP gene was disrupted by the same inducible Cre recombinase (20) . The partial nature of the declines may indicate that the disruption of S1P was not complete enough to abolish S1P function, or they may indicate that another protease can partially substitute for S1P in liver.
In a previous study from our laboratory, SCAP was conditionally disrupted after injection of pIpC into transgenic animals bearing the same MX1-Cre gene used in the current studies (20) . The degree of recombination of SCAP was more than 95%, the decline in SCAP mRNA was at least 80%, and the mRNAs for the target genes declined by at least 70% (LDL receptor and HMG CoA synthase) and as much as 95% (HMG CoA reductase, acetyl CoA carboxylase, fatty acid synthase, stearoyl CoA desaturase-1). In hepatocytes isolated from these mice, the rates of incorporation of [ The first indication of a different result in S1P-deficient animals came from an examination of S1P f/f ;MX1-Cre mice that were not injected with pIpC. In these animals there was no evidence of recombination, yet the amount of S1P mRNA was reduced by 80-85% when compared with wild-type mice (Table 2) . We postulate that the reduction in S1P mRNA was caused by an interference in gene transcription caused by the presence of the neo Fig. 3 . Rates of lipid synthesis and secretion by primary hepatocytes from wild-type mice and S1P f/f ;MX1-Cre mice. Male mice (12 weeks of age) were injected i.p. with pIpC. Fourteen days after the last injection, primary hepatocytes were prepared as described in Materials and Methods. After a 2-h attachment period, hepatocytes were incubated with 0.5 mM sodium [ 14 C]acetate (52 dpm͞pmol), and medium and cells were harvested at the indicated time. Content of 14 C-labeled cholesterol and fatty acids in the cells and medium was quantified as described in Materials and Methods. Each value is mean Ϯ SEM of duplicate incubations from three wild-type and three S1P f/f ;MXI-Cre mice. Similar results were obtained in two independent experiments. cassette. The amount of the active C form of S1P protein was also reduced, but it did not decline as much as the precursor A form (Fig.  2a, lane 3) . Despite this reduction in S1P, the amounts of nuclear SREBPs were normal (Fig. 2c, lanes 3 and 7) , and the amounts of the target mRNAs did not decline (Table 2) . These data could be explained if active S1P is normally present in excess, and a 50-80% reduction still leaves sufficient enzyme to cleave SREBPs.
When S1P f/f ;MX1-Cre mice were treated with pIpC, the degree of recombination ranged between 77% and 90%, even after multiple injections. This finding contrasts with the recombination frequency of Ͼ95% that was obtained for SCAP. Recombination in S1P reduced S1P mRNA levels by an additional 50-66%, resulting in an overall decline of 95% ( Table 2) . The active C form of S1P also declined (Fig. 2a, lane 4) , and we observed a definite decline in the precursor and nuclear forms of SREBP-1 and -2 (Fig. 2c, lanes 4 and 8) . There was also a decline in the mRNAs for SREBP-1c and -2, and a slight decline in the mRNA for SREBP-1a (Fig. 2d and Table 2 ). The decline in SREBP mRNAs is likely a consequence of the decline in nuclear SREBPs because the promoters for both of these genes contain functional SRE elements (24, 25, 32) . In addition, transcription of the SREBP-1c gene requires LXR, a nuclear hormone receptor that is activated by an oxysterol, the level of which decreases when cholesterol synthesis declines (23, 33) .
As a result of the decline in nuclear SREBPs, there was a decline in all of the mRNAs for SREBP target genes. However, in contrast to the decline observed with SCAP disruption (70-95%), the declines with S1P disruption varied from about 40% (HMG CoA reductase) to about 70% (farnesyl diphosphate synthase) (Table 2) . Moreover, the rates of cholesterol and fatty acid synthesis, as measured in isolated hepatocytes declined by only 64-83% (Fig. 3) as contrasted with the 84-93% reduction observed previously in the SCAP knockout mice (20) . The partial nature of these declines indicates that some functional SREBPs were present in the nucleus of the S1P knockout mice.
The difference in phenotypic severity between the SCAP and S1P knockouts may relate to the different roles of the two proteins in SREBP processing. SCAP forms complexes with SREBPs, and therefore it acts stoichiometrically (6) . A 90% reduction in SCAP would lead directly to a 90% reduction in SCAP͞SREBP complexes, which are the substrates for S1P. On the other hand, S1P acts catalytically. Like most other enzymes, it is likely that S1P is present in great excess and that SREBP processing is not reduced severely until the amount of S1P declines below 5% of the wild-type value. Previous studies of enzyme deficiency states reveal that as little as 5% of residual activity can prevent abnormal phenotypes in some diseases (34) . The impact of SCAP deficiency is heightened by the instability of the SREBPs in the absence of SCAP. Thus, in SCAP knockout mice the levels of the SREBP precursors were reduced even more than would be predicted from the decline in SREBP mRNAs (20) .
The partial effects of Cre-mediated recombination of S1P in liver contrast with the complete effects observed in mutant Chinese hamster ovary cells that fail to express S1P (12) . These mutant cells synthesize virtually no cholesterol, and they must be supplied with this substance exogenously. This difference may reflect incomplete disruption of the hepatic S1P gene, or it may indicate that hepatocytes, but not Chinese hamster ovary cells, express another protease that can substitute for SREBP cleavage.
Disruption of S1P reduced the amount of LDL receptor mRNA by Ϸ50% (Table 2 and Fig. 4b ). This was reflected by a decline of Ϸ50% in the receptor-mediated clearance of i.v. injected 125 I-LDL from plasma (Fig. 4a) . Despite this reduction in LDL clearance, the total concentration of cholesterol fell when S1P was disrupted (Table 1 ). FPLC analysis revealed that this decline was mostly attributable to a fall in HDL levels (data not shown). There was also a decline in the small amount of LDL that is normally present in mouse plasma. A decline in LDL levels in the face of reduced clearance suggests that the production of LDL was reduced in the mice with the disrupted S1P. LDL metabolism is quantitatively very different in humans and mice (26, 30) . Nevertheless, if humans respond to S1P deficiency in the same way that mice respond, the current data predict a beneficial LDL-lowering effect of inhibitors of S1P, provided that a near-complete inhibition of enzyme activity can be obtained.
